The establishment of transcriptional silencing in Saccharomyces cerevisiae requires progression through the cell cycle. We have previously found that transit through M-phase is necessary and sufficient to establish silencing at telomeres following induction of the Sir3 silencing factor. In this study we find that halting cell-cycle progression in either G 1 or at the beginning of M-phase limits the ability of Sir3 to associate with a telomere-linked reporter gene and prevents the changes in histone modifications associated with gene repression. Deletion of genes coding for the histone variant H2A.Z (Htz1 in yeast) and histone acetyltransferase Sas2 abolish the cell-cycle progression requirement for the establishment of silencing. Cells blocked in telophase (but not at metaphase) are also able to establish silencing. We show that H2A.Z binds to the promoter of our telomere-linked reporter gene and that this binding diminishes in silenced cells. Finally, we observe a specific displacement of H2A.Z from chromatin in telophaseblocked cells, regardless of the silencing status of the reporter gene. These results suggest that the requirement for M-phase in the establishment of silencing may reflect a cell-cycle regulated relaxation of heterochromatin barriers.
Y
EAST uses the formation of heterochromatin to control the transcription of key determinants of cell development. Silent chromatin in yeast is associated with a histone modification pattern commonly linked to gene repression in all eukaryotes, including decreases in the acetylation of the histone H3 and H4 N-terminal tails (reviewed in Kurdistani and Grunstein 2003) , and demethylation of lysine 4 and 79 of histone H3 (reviewed in Kouzarides 2007; Shahbazian and Grunstein 2007) . A Sir protein complex that includes the Sir2, Sir3, and Sir4 proteins mediates the establishment of silent chromatin in yeast. Sir2 is a protein deacetylase that acts on histone H3 and H4 (Imai et al. 2000; Tanner et al. 2000; Tanny and Moazed 2001) , while Sir3 preferentially binds the deacetylated tails of H3 and H4 (Carmen et al. 2002; Liou et al. 2005) . Reiterative cycles of Sir3 binding to deacetylated histones, recruitment of Sir2, and deacetylation of adjacent histones provides a model for the spreading of both deacetylated chromatin and the Sir proteins. This spreading of silent chromatin may be limited by the presence of boundary or barrier factors (reviewed in Valenzuela and Kamakaka 2006) . Sir protein action leads to an extremely efficient and stable repression of transcription; this stability is aided by an epigenetic mechanism (Pillus and Rine 1989; Mahoney et al. 1991) .
While Sir-mediated gene repression is very stable, there is evidence that silent chromatin in yeast undergoes dynamic transitions that are coupled to cell-cycle progression. For instance, a trans-activator is better able to activate a gene repressed by telomeric heterochromatin when expressed at the start of M-phase than it is in G 1 (Aparicio and Gottschling 1994) . In addition, specific conditional alleles of the SIR2 silencing factor gene cause an M-phase-specific silencing defect (Matecic et al. 2006) . Most significantly, the establishment of silencing in yeast requires progression through the cell cycle (Miller and Nasmyth 1984; Fox et al. 1997; Kirchmaier and Rine 2001; Li et al. 2001; Lau et al. 2002; Kirchmaier and Rine 2006) .
We have previously found that progression through M-phase is necessary and sufficient to establish silencing at telomeres following induction of the Sir3 silencing factor (Martins-Taylor et al. 2004) . Understanding how the control of gene expression is regulated by and coordinated with cell division is crucial in understanding the assembly and propagation of transcription states. In this study we address three basic questions: First, how does cell-cycle progression regulate the onset of molecular events associated with silencing? Second, what discrete interval of mitosis is required for the establishment of silencing? Finally, what factors restrict the establishment of silencing to specific intervals of the cell cycle? Our results suggest that cell-cycle progression is required for Sir-mediated changes in histone modifications, that silencing is established in the anaphase-telophase transition, and that factors involved in demarcating transitions between euchromatin and heterochromatin, including H2A.Z (Htz1), Sas2, and the Mcd1 cohesin (also known as Scc1), have a key role in imposing the cell-cycle restriction on the establishment of silencing at telomeres in yeast.
MATERIALS AND METHODS
Media: For telomeric silencing experiments, cultures were grown at 30°in YPraf media (1% Bacto-yeast extract, 2% Bactopeptone extract, 2% raffinose). To induce expression of the GAL-SIR3 construct, galactose was added to YPraf media to 2%. For solid media, Bacto-agar was added to 2%.
Strains: Yeast strains used in this study are listed in Table 1 . Strain YSH505 was used to examine silencing at the telomere and has been previously described (Martins-Taylor et al. 2004) . YSH645 is identical to YSH505 except that both the endogenous and galactose-inducible SIR3 genes have been fused at the C terminus to a nine-myc epitope tag. YSH730 was created from YSH645 by fusing a six-HA epitope tag to the C terminus of the HTZ1 gene. YSH814 is identical to YSH505 except that the MCD1 gene has been fused at the C terminus to a six-HA epitope tag. YSH1021 was created from YSH556 by fusing a nine-myc epitope tag to the C terminus of the SIR3 gene. The nine-myc and six-HA tags were derived from pYM6 and pYM3, respectively (Knop et al. 1999) .
To create strain YSH549, hybrid PCR (Horton et al. 1989 ) was used to link the scc1-73 allele (Michaelis et al. 1997) (amplified from strain KN5832, provided by Kim Nasmyth) to the LEU2 gene from pKMT1, a LEU2 vector designed on the MX-series scaffold (Wach et al. 1994; Goldstein and McCusker 1999) . The DNA fragment was transformed into YSH505. Leu 1 transformants were then screened for those able to promote growth at 23°, but not at 37°; these strains were also found to contain the LEU2 directly downstream of the MCD1 locus.
To replace the wild-type alleles of YCS4 and TOP2, the temperature-sensitive alleles ycs4-1 and top2-4 were amplified from strains SPY746 and SPY9, respectively (provided by Sue Biggins) and cloned into pRS404 (Sikorski and Hieter 1989) to produce plasmids pKMT2 and pKMT3. These plasmids include 300 bp of wild-type sequences both 59 and 39 to the open reading frame. To direct integration at the YCS4 or TOP2 loci, pKMT2 was cut with NruI, while pKMT3 was cut with MluI. Cut plasmids were then transformed into YSH556. Trp 1 transformants were then grown on media containing 5-fluoroanthranilic acid (Toyn et al. 2000) , to select for excision of TRP1 and either the wild-type or mutated allele. Candidates were then screened for those able to promote growth at 23°, but not at 37°. A galactose-inducible SIR3 allele was then integrated at the TRP1 locus using plasmid pAR83 (Holmes et al. 1997) . To ensure that these strains would be sensitive to a-factor, HML was deleted via PCR-mediated gene deletion using pAG25 as a template (Goldstein and McCusker 1999) , creating strains YSH679 and YSH682.
To create YSH813, a PCR fragment containing the cdc16-1 allele was linked to the selectable marker natMX (amplified from pAG25) by hybrid PCR and then introduced into YSH505, replacing the endogenous CDC16 gene by homologous recombination. To create YSH795, independent DNA fragments bearing the cdc14-1 allele and the natMX selectable marker were generated with short regions of homology to each other and to the CDC14 locus. These fragments were then simultaneously transformed into YSH505, where recombination with each other and with the chromosome yielded drugresistant colonies bearing the natMX gene downstream of the CDC14 gene. Drug-resistant transformants were selected for at the permissive temperature (23°) and then screened for those unable to grow at nonpermissive temperature (37°). To confirm integration of the correct CDC allele, cells were arrested in the cell cycle by growth at the nonpermissive temperature and then examined for the expected cell morphology both by light microscopy and fluorescent microscopy with DAPI staining. YSH862, YSH869, and YSH1020 were created from YSH795, YSH505, and YSH556, respectively, by integrating a FLAG-kanMX construct amplified from pJR2659 (Babiarz et al. 2006) at the C terminus of the HTZ1 gene.
Cell cultures: Cell-cycle blocks were performed as described (Martins-Taylor et al. 2004 ). a-Factor (10 mg/ml) or nocodazole (15 mg/ml) was used to block cells in G 1 or G 2 /M, respectively. Cell-cycle blocks were routinely achieved in 2-3 hr with a-factor and 4-6 hr with nocodazole. Unless noted, cells exhibited at least a 90% arrest in the cell cycle in the presence of blocking agents. Cell-cycle arrest was determined by microscopic examination of cell morphology and confirmed by FACS analysis on representative cultures (see supporting information, Figure S1 ). FACS was performed at the Yale Cell Sorter Facility using a FACSCaliber instrument. Yeast cells were prepared for FACS as described (Hutter and Eipel 1978) . Data were analyzed using the CellQuest and FlowJo software programs. FACS data presented in the manuscript were created by using the Dean-Jett-Fox model (Fox 1980) . cdc14-1 and cdc16-1 strains were blocked in telophase and metaphase, respectively, by shifting cells grown to log phase at 23°to 37°for approximately 6 hr. Unless noted, these cells exhibited at least a 95% arrest in the cell cycle. Cell-cycle arrest was determined by microscopic examination of cell morphology, FACS, and in initial experiments by fluorescence microscopy of DAPI-stained cells. Viability assays indicated that 77% of the cdc14-1 and 69% of the cdc16-1 cells could reenter the cell cycle after 6 hr at the nonpermissive temperature. For cell-cycle experiments, cultures were initially grown in media containing 2% raffinose. Sir3 induction was carried out by addition of galactose to a final concentration of 2%. Cells were collected for analysis after 6-8 hr of galactose addition, when complete repression of URA3 is achieved (Martins-Taylor et al. 2004) .
RT-PCR: RNA extraction, cDNA synthesis, and PCR were performed as previously described (Martins-Taylor et al. 2004) . Results from 8% acrylamide gels were stained using Sybr gold dye (Invitrogen), and the gels were scanned using a Storm 840 PhosphorImager (GE Healthcare). Each band was quantified using ImageQuant TL (GE Healthcare) and converted to tiff files. Identical results were achieved in at least two independent experiments and in repeated determinations from RNA collected from individual experiments.
Chromatin immunoprecipitation assays: Chromatin immunoprecipitations were performed essentially as described (Suka et al. 2001) , with the following exceptions. Prior to the addition of antibody for precipitation, 50 ml of lysate was precleared with 7 ml of Protein A magnetic beads (New England Biolabs) by incubating at 4°for 30-60 min on a Labquake tube rotator. The samples were applied to a magnet to separate the beads from the supernatant; the supernatant was transferred to a new eppendorf tube and one of the following antibodies were added for an overnight incubation at 4°: 1 ml myc-epitope antibody (9B11; Cell Signaling Technology), 2.5 ml anti-acetyl-histone H4 antibody (Upstate Cell Signaling Solutions), 2.5 ml anti-acetyl-histone H3 antibody (Upstate), 2.5 ml anti-acetyl-histone H4 (K16) antibody (Upstate), 2.5 ml antitrimethyl-histone H3 (K4) antibody (Upstate), 2.5 ml antidimethyl-histone H3 (K79) antibody (Upstate or Abcam), 2.5 ml anti-HA antibody (12CA5; Roche Applied Science), 0.5 ml anti-FLAG antibody (F1804; Sigma). Protein A magnetic beads (15 ml) were added to precipitate the chromatin.
DNA samples from chromatin immunoprecipitation experiments were quantified using either real-time PCR or quantitative PCR. For real-time PCR primers were designed using the Primer Express software package that accompanies the Applied Biosystems 7300 Real Time PCR System and are listed in Table 2 .
Regions of approximately 100 bp in size were amplified from the immunoprecipitated samples and the unenriched, whole cells control samples using Power Sybr green master mix (Applied Biosystems). To determine the enrichment values, relative standard curve method for quantification was used (Applied Biosystems). Standard curves were generated for each primer pair using data from a standard dilution series. Relative values for target abundance in each experimental sample were extrapolated from the standard curve generated from the reference standard. Relative yields in uninduced cells vs. galactose-induced cultures were determined as described (Pfaffl 2001) . Each chromatin immunoprecipitation (ChIP) value was normalized to a reference locus to control for differential recovery of chromatin between strains and conditions. The ACT1 coding region (Rudner et al. 2005) or sequences 
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MATa ade2-1 ura3-1 his3-11,15 leu2-3,112 trp1-1 can1-100 adh4TURA3-4xUASG-telVIIL Chien et al. (1993) H2A.Z Controls the Timing of Silencingadjacent to MAT (Kirchmaier and Rine 2006) were used as controls for the histone modifications, the PRP8 coding region was used as a control for Sir3 and H2A.Z (Kobor et al. 2004; Zhang et al. 2004; Babiarz et al. 2006; Shia et al. 2006) , and the DCC1 coding region, a cohesin-free region, was used for Mcd1 (Laloraya et al. 2000) . Alternatively, immunoprecipitated and input DNAs were analyzed by quantitative PCR analysis. All amplifications were performed in the linear range; samples were then run on 8% acrylamide gels, were stained with Sybr gold dye, and were scanned as described above. Enrichments relative to an endogenous control were calculated as described (Noma et al. 2001) . We determined the abundance ratios for each locus of interest relative to the endogenous control. These ratios were in turn normalized by the corresponding input ratio to determine relative enrichment values. Each reported value represents the average of at least three independent ChIP experiments, each analyzed in triplicate by real-time PCR or in duplicate by quantitative PCR.
Construction of Gal4 binding domain fusion constructs: To create the Gal4 binding domain (GBD)-Mcd1 fusion construct, the MCD1 open reading frame was amplified from a wild-type yeast strain using primers with overhangs containing restriction enzyme recognition sites allowing subcloning into vector pOBD2 (Uetz et al. 2000) , creating pMH2. pMH2 complements the lethality observed in strains bearing the temperature-sensitive scc1-73 allele, grown at the nonpermissive temperature (not shown). pMH2 was transformed into yeast strains YDS631 (from David Shore) (Chien et al. 1993) and YSH530. To create YSH530, GAL4 was deleted from YDS634 (Chien et al. 1993 ) via PCR-mediated gene deletion using pFA6a-kanMX4 (Wach et al. 1994 ) as a template. The GBD-Yku70 fusion construct was created via gap repair. YKU70 was amplified from a wild-type strain using primers with tails homologous to the multiple cloning site of pOBD2 (Uetz et al. 2000) . pOBD2 was cut with PvuII and NcoI, and then cotransformed with the YKU70 fragment into YDS631 and YSH530. PCR on DNA extracted from the transformants was used to verify successful gap repair.
RESULTS

Limiting event in the assembly of silent chromatin:
We have previously shown that the establishment of silencing of a telomere-linked gene requires progression through mitosis (Martins-Taylor et al. 2004) . In this system, the URA3 gene is located approximately 3.5 kb from the telomere ( Figure 1A ), where it is not subject to silencing (Martins-Taylor et al. 2004 ). This strain contains the endogenous SIR3 gene, as well as an integrated, galactose-inducible copy of SIR3. Upon addition of galactose, increased Sir3 levels cause spreading of telomeric heterochromatin and silencing of URA3 (Martins-Taylor et al. 2004) . Silencing at specific loci in yeast correlates with an increase in Sir protein association (Hoppe et al. 2002; Luo et al. 2002; Rusche et al. 2002; Strahl-Bolsinger et al. 1997) , a decrease in the acetylation of histones H3 and H4 (Braunstein et al. 1993; Braunstein et al. 1996) , and a decrease in the methylation of histone H3 on lysine 4 (H3K4) 
ACCATCGTGGTGCTCTTTGTC (Briggs et al. 2001; Bernstein et al. 2002; Bryk et al. 2002) and on lysine 79 (H3K79) (Singer et al. 1998; San-Segundo and Roeder 2000; Lacoste et al. 2002; Ng et al. 2002; van Leeuwen et al. 2002) . A variety of genetic and biochemical experiments indicate that these events correlate with the establishment and maintenance of silencing, while deletion of the genes responsible for these modifications cause silencing defects. To examine the possibility that Sir protein association or silencing-specific histone modifications are regulated as a function of the cell cycle, we monitored the changes in chromatin associated with silencing using ChIP assays.
To determine the association of Sir3 with the telomere, both the endogenous and galactose-inducible SIR3 genes were tagged at their C terminus with the myc epitope. Modification-specific antibodies were used to examine the acetylation of histones H3 and H4 and the methylation of histone H3K4 and H3K79. For our initial experiments, we used a probe to the URA3 coding region (2.8-kb probe, Figure 1A) . We compared the change in the association of Sir3 or changes in histone Table 2 . (B) Defining the marks of silencing at telomere VR. YSH645 was grown to steady state (.16 hr) in raffinose media with or without galactose. ChIP assays were used to compare the association of Sir3-myc and the modification state of histones in galactoseinduced vs. uninduced cultures. All determinations were made using the 2.8-kb primer pair, within the URA3 open reading frame, and are expressed as a ratio of the galactose-induced vs. uninduced signal. The relative enrichment of Sir3 at this region was determined relative to PRP8, a Sir3-free region (Lieb et al. 2001) , while the change in histone modifications was determined relative to ACT1 (Rudner et al. 2005) . (C) Sir3 association along chromosome VR. ChIP assays were performed on strain YSH645 grown to steady state in raffinose (noninducing) media. The data are expressed relative to the input (whole-cell lysate) signal, normalized to the signal from the PRP8 locus. (D) Changes in Sir3 association. YSH645 was grown to steady state in raffinose media with or without galactose. The primers in Figure 1A were used to examine the change in the association of Sir3 in galactose-induced vs. uninduced cultures. (E) Changes in histone modifications. Cultures of YSH645 were grown in raffinose media with or without galactose. To examine the change in the acetylation of histone H4K16 and the methylation of histone H3K79 along the chromosome upon induction with galactose, the primers in Figure 1A were used. modifications in cells grown in noninducing raffinose media vs. those grown in raffinose media containing galactose. Under these conditions we observe that URA3 mRNA is reduced to 20-25% of uninduced levels (Martins-Taylor et al. 2004) ; (Figure 2A ; see also Figure S3 ). As shown in Figure 1B , we observe an increase in the association of Sir3 with URA3 in silenced cells relative to unsilenced cells. This increase in the association of Sir3 is accompanied by the deacetylation of lysines in histones H3 and H4, including H4K16. The methylation of histone H3K79 also significantly decreases in silenced vs. unsilenced cells, while only a modest decrease in the methylation of histone H3K4 is observed. The qualitative and quantitative characteristics of chromatin we observed in our induced system for Sir3 association, histone acetylation, and H3 lysine 79 methylation are similar to those reported for genes subject to noninduced telomeric silencing (Braunstein et al. 1996; Ng et al. 2003; Katan-Khaykovich and Struhl 2005) , while the decrease in H3 K4 methylation is less than previously seen for a reporter gene placed adjacent to telomere repeats (Santos-Rosa et al. 2004) . Control experiments demonstrated that the change in Sir3 association and histone acetylation depended on the presence of the GAL-SIR3 gene and were not due simply to the addition of galactose ( Figure S2 ).
We next used additional probes that hybridize roughly every 300 bp to examine the distribution of Sir3 across the subtelomeric region encompassing URA3. In cells grown in noninducing raffinose media we find that the greatest association of Sir3 occurs at the regions adjacent to the telomere repeat sequence ( Figure 1C) , consistent with previous studies (StrahlBolsinger et al. 1997; Kimura et al. 2002; Suka et al. 2002) . The association of Sir3 decreases as the distance from the telomere repeats sequence increases such that Sir3 association is weakly detected at distances greater than 1.3 kb from the telomere repeat sequence ( Figure  1C ). These results suggest that telomeric heterochromatin is limited to approximately 1 kb under noninducing conditions.
Focusing on the chromatin alterations that were most significantly associated with the onset of silencing at this locus, we used the probes depicted in Figure 1A in additional ChIP experiments to compare induced vs. uninduced cultures. Upon galactose induction of Sir3 we observe an increase in Sir3 association at all positions tested that are greater than 1 kb from the telomere repeat sequence ( Figure 1D ). We also find that the acetylation of histone H4K16 and the methylation of histone H3K79 decreases at all positions along the chromosome ( Figure 1E ). We note that we observe alterations in histone modifications adjacent to the telomere repeat sequences, at positions where we fail to observe increased Sir3 association. This may indicate that downstream Sir3 association increases or stabilizes Sir3-dependent modifications. Alternatively, the ChIP (A) Silencing does not occur in cells blocked in G 1 -phase or at the G 2 /M boundary. A culture of strain YSH645 was grown to early log phase in raffinose media. This culture was divided and half was blocked either in G 1 with a-factor or in G 2 /M with nocodazole. Following cellcycle arrest, the blocked culture was further divided into induced (addition of galactose) and uninduced (no galactose addition) cultures. Galactose was also added to the unblocked cycling cells at this time. Following induction, cells were collected to quantify URA3 expression (see materials and methods). The URA3/ ACT1 ratio is shown relative to the uninduced (no galactose) cycling control. Cells from these experiments were also collected for the ChIP assays shown in B. (B) Changes in chromatin cannot occur in the absence of cell-cycle progression. The change in the acetylation of histone H4K16, methylation of histone H3K79, and the association of Sir3-myc was determined using the 2.8-, 3.3-, and 3.7-kb primers depicted in Figure 1A , as described in the legend of Figure 1B. technique may have an insufficient dynamic range to detect further increases in Sir3 association at these sequences. For instance, if immunoprecipitation of chromatin is highly efficient then it may not be possible to distinguish between chromatin in which a single Sir3 molecule binds per nucleosome vs. chromatin in which two or more Sir3 molecules bind each nucleosome.
Next we asked whether the onset of one or more of these alterations in chromatin required cell-cycle progression. We examined the association of Sir3, the deacetylation of histone H4K16, and the demethylation of histone H3K79 in cells blocked in G 1 phase with a-factor or blocked at the G 2 /M boundary with nocodazole. Cells were grown to log phase in noninducing raffinose media and cell-cycle progression was blocked. Galactose was then added to induce SIR3 overexpression. Control cultures were blocked but were not induced or were allowed to continue progression through the cell cycle in the presence of galactose. Following a period of induction that was more than sufficient to silence URA3 in cycling cells, cells were collected for ChIP analysis. Cells were also collected from each of the cultures to determine the levels of URA3 mRNA. As reported previously, silencing is not observed in cells blocked in G 1 or G 2 /M, but is observed in parallel unblocked cultures (Martins-Taylor et al. 2004) (Figure 2A) .
Over this time, course-cycling cells induced to overexpress Sir3 exhibit significant decreases in H4 K16 acetylation and H3 K79 methylation ( Figure 2B ). However, we find that cells overexpressing Sir3 while blocked in G 1 or G 2 /M fail to exhibit decreases in H4 K16 acetylation or H3 K79 methylation ( Figure 2B ). Our experiments suggest that Sir3 association is also regulated by cell-cycle progression; however, the variability in our data prevents us from drawing firm conclusions about the relative association of Sir3 in cycling vs. blocked cells. Overall, we find that cell-cycle progression is required for the Sir-protein-mediated changes in histone modifications that are associated with gene repression.
Timing of silencing: Our prior experiments indicated that silencing is established in this system between the G 2 /M boundary (as defined by a nocodazole block) and the subsequent G 1 phase (as defined by an a-factor block) (Martins-Taylor et al. 2004) . To identify the discrete interval in mitosis required for silencing we introduced temperature-sensitive alleles of specific CDC genes into our strain background. CDC genes code for proteins required to transit specific points of the cell cycle. We used the temperature-sensitive cdc16-1 allele, coding for a component of the anaphase-promoting complex, to block cells in metaphase, and the temperaturesensitive cdc14-1 allele, coding for a phosphatase required to exit mitosis, to block cells in telophase. Cells were grown to log phase at the permissive temperature and then shifted to the nonpermissive temperature. Control cultures were maintained at the permissive temperature. Sir3 production was then induced, and the expression status of URA3 was monitored. Consistent with our prior experiments examining nocodazole-blocked cells (Martins-Taylor et al. 2004) , we find that cells blocked at metaphase in the cdc16-1 strain are unable to establish silencing, while URA3 transcription is significantly repressed in an unblocked parallel culture grown at the permissive temperature ( Figure 3A) . In contrast, we find that the cdc14-1 cells blocked in telophase are able to establish silencing at levels equivalent to the cycling control ( Figure 3B ). This indicates that cell-cycle progression is not an absolute requirement for establishing silencing and suggests that an event coinciding with the anaphase-telophase transition is crucial in allowing repression of URA3.
An alternative explanation for these results is that Cdc14 has a specific role in inhibiting the establishment of silencing that is independent of the cell-cycle block that its inactivation causes. If this is true, then inactivation of Cdc14 at other points in the cell cycle should also allow silencing. To test this possibility we grew the cdc14-1 cells at the permissive temperature, blocked them in G 1 phase with a-factor, and raised the culture to the nonpermissive temperature. As seen in Figure 3C , inactivation of Cdc14 in G 1 does not relieve the inhibition of silencing seen in wild-type cells. This experiment does not rule out the possibility that Cdc14 directly influences the establishment of silencing, but indicates that such an influence is likely restricted to telophase.
Inhibitors of silencing: The establishment of silencing may require progression through M-phase due to a mitosis-specific factor or event that positively promotes the formation of yeast heterochromatin. Alternatively, the action of an inhibiting factor may be specifically relieved in mitosis. We conducted a search for such inhibitors by assessing the timing of silencing in a collection of strains lacking candidate proteins (Table  3) . These candidates included histone-modifying enzymes, Sir3-or Sir4-interacting factors, proteins proposed to function as barriers between heterochromatin and euchromatin, and proteins whose association with chromatin changes dramatically as a function of the cell cycle. To examine the influence of these factors on silencing in our inducible system we constructed strains in which each of the genes encoding nonessential proteins was deleted. We also created strains bearing temperature-sensitive alleles of the essential genes coding for topoisomerase II (top2-4), a condensin subunit (ycs4-1), and the Mcd1 cohesin subunit (scc1-73).
Assessing these factors' influence on the timing of silencing required that strains lacking these factors permit inducible silencing. Therefore we first examined the establishment of silencing in cells allowed to progress through the cell cycle. Cultures were grown to log phase in noninducing media, Sir3 was induced, and URA3 mRNA levels were measured. In most of the knockout strains tested, the degree of repression of URA3 was comparable to the wild-type strain YSH505 (Table 3 , first data column). The absence of some of these proteins, including Set1 (Nislow et al. 1997) , and Dot1 (Ng et al. 2002 (Ng et al. , 2003 van Leeuwen et al. 2002) was previously reported to cause silencing defects; in most of these cases we also observed a defect in inducible silencing. We also found that deletion of genes involved in cohesin deposition or function, including Dcc1 (Mayer et al. 2001) , Chl1 (Mayer et al. 2004; Petronczki et al. 2004; Skibbens 2004) , and Rsc2 consistently led to silencing defects in this assay. Finally, introduction of the temperature-sensitive alleles ycs4-1 and top2-4 also resulted in a compromised ability to induce repression of URA3. Strains that permitted inducible silencing in cycling cells were next examined for their ability to repress URA3 transcription in the absence of cellcycle progression. We examined silencing in cells blocked in G 1 phase with a-factor or blocked at the G 2 /M boundary with nocodazole. We found that in most of these strains the timing of silencing was unaltered compared to the wild-type control; when Sir3 production was induced, silencing was established in cycling cells but not in cells blocked from progressing through the cell cycle (Table 3) . However, we found that when either the SAS2 or HTZ1 gene was deleted the requirement for cellcycle progression was eliminated, and URA3 was repressed in cells blocked in G 1 or at the G 2 /M boundary (Table 3) .
A previous study using a conditional SIR3 allele to study the establishment of silencing found that the cohesin subunit Mcd1 affected the timing of silencing at the HMR locus. In this study silencing required passage from G 1 phase through mitosis; however, the controlled repression of MCD1 transcription allowed silencing to occur following progression from G 1 to the end of S-phase, prior to mitosis (Lau et al. 2002) . To determine if Mcd1 affected the timing of silencing in our system we incorporated the temperature-sensitive scc1-73 allele Figure 3 .-Silencing can be established in telophaseblocked cells. (A) Strain YSH813 bearing the cdc16-1 allele was grown to early log phase in raffinose media at permissive temperature (23°). The culture was divided, with one-half shifted to the nonpermissive temperature (37°). After cell-cycle arrest at the nonpermissive temperature each culture was subsequently divided, when half was induced with galactose. URA3 mRNA levels were measured as described in the Figure 2A legend. The figure shows a histogram representing the cumulative data for at least three independent experiments; results from a representative experiment are shown below the histogram. Values are expressed relative to the uninduced control. (B) Strain YSH795, bearing the cdc14-1 allele, was analyzed as described in A. (C) Inactivation of Cdc14 at a G 1 block does not permit the establishment of silencing. Strain YSH795 was grown to early log phase in raffinose media at 23°. The culture was divided, and half was arrested in G 1 -phase with a-factor. This blocked culture was further divided, with half remaining at 23°and the other half shifted to 37°. Finally, each of these three cultures was divided into galactose-induced and uninduced samples. URA3 mRNA levels were determined for each of these conditions. The cumulative results of at least three independent experiments are shown in the histogram, along with a gel of a representative experiment.
into our strain background. Cells were grown at the permissive temperature and blocked in G 1 , when a portion of the culture was shifted to the nonpermissive temperature for 2 hr to inactivate Scc1-73p. SIR3 expression then was induced by the addition of galactose. In parallel control experiments silencing was not observed in wild-type G 1 -blocked cells at either low or high temperatures (Figure 3) . However, when Mcd1p is inactivated by shifting cultures to the nonpermissive temperature in G 1 -blocked cells, URA3 is silenced ( Figure 4A ). We were unable to observe a significant effect of inactivating Mcd1p in nocodazole-blocked cells ( Figure 4B ).
H2A.Z and Mcd1 are widely dispersed chromatin proteins that have broad effects on transcription, DNA repair, and chromosome segregation Keogh et al. 2006; Zlatanova and Thakar 2008) . If H2A.Z and Mcd1 directly affect the establishment of silencing at URA3, these factors may exhibit a silencingdependent dissociation with the telomere. To examine the association of H2A.Z and Mcd1 along the chromosome region encompassing URA3, we grew cells in noninducing raffinose media and examined their association by ChIP assays, using the probes depicted in Figure 1A . We find a significant enrichment of H2A.Z over this region, with a peak at the URA3 promoter ( Figure 5A ). H2A.Z association with this promoter is also seen when URA3 is at its endogenous location (Guillemette et al. 2005; Zhang et al. 2005; Millar et al. 2006) . We observe that Mcd1 is also associated with this region, binding at levels above background adjacent to the telomere repeat sequences ( Figure 5B ). To determine if H2A.Z and Mcd1 binding varied in silenced vs. unsilenced cells we assessed their association in cells grown to steady state either in raffinose media or in raffinose media containing galactose. We observe a decrease in the association of both H2A.Z and Mcd1 at all positions along telomere VR in silenced cells relative to unsilenced cells ( Figure 5C ).
To further examine the correlation between the dissociation of H2A.Z and the onset of silencing we monitored its binding to the URA3 promoter at specific points in the cell cycle in the presence or absence of Sir3 induction, focusing on its site of maximum association. Control experiments conducted with the same cultures used for the ChIP experiments showed that URA3 is not repressed in G 1 -or G 2 /M-blocked cultures, but is repressed in cells progressing from G 2 /M to G 1 ( Figure  S3 ), as previously reported (Martins-Taylor et al. 2004) . When examined under these conditions, we find that the dissociation of H2A.Z with the URA3 promoter correlates closely with the onset of silencing, and not with the induction of Sir3. In cells blocked 0.2 6 0.01 0.4 6 0.00 0.5 6 0.14 Dsas2 0.1 6 0.01 0.3 6 0.14 0.1 6 0.00 Dset1 0.4 6 0.21 1.1 6 0.14 1.0 6 0.28 Ddot1 1.1 6 0.19 ND ND Dubp3 0.5 6 0.10 0.9 6 0.00 1.0 6 0.00 Dubp 8 0.3 6 0.17 1.1 6 0.00 1.1 6 0.07 Dubp 10 0.5 6 0.14 1.1 6 0.00 1.0 6 0.00 Drad6 0.7 6 0.07 1.0 6 0.00 0.9 6 0.14 Dhho1 0.2 6 0.08 1.1 6 0.07 1.0 6 0.21 Ddls1 0.2 6 0.07 1.0 6 0.07 1.1 6 0.00 Dyta7 0.4 6 0.07 1.1 6 0.07 0.9 6 0.07 Ditc1 0.1 6 0.00 1.1 6 0.07 1.1 6 0.07 Disw2 0.1 6 0.00 1.1 6 0.00 0.9 6 0.00 Dsas3 0.3 6 0.07 1.1 6 0.07 1.0 6 0.14 Drsc2 0.4 6 0.14 0.9 6 0.14 0.9 6 0.07 Ddcc1 0.9 6 0.20 ND ND Dchl1/ctf1 0.5 6 0.00 1.1 6 0.00 1.1 6 0.07 scc1-73 (PT) 0.5 6 0.10 0.9 6 0.05 1.0 6 0.00 ycs4-1 (PT) 0.9 6 0.19 1.2 6 0.07 1.2 6 0.00 top2-4 (PT) 0.9 6 0.15 ND ND Strains bearing the indicated gene deletions were grown to steady state in raffinose media or raffinose media plus galactose and assayed for expression of the telomere-linked URA3 gene. The URA3/ACT1 ratio is shown for the galactose-induced cells relative to its uninduced control. YSH556 (lacking the galactose-inducible SIR3 gene) and YSH505 served as negative and positive controls, respectively. For G 1 or G 2 /M experiments cells were grown in raffinose media, arrested in the cell cycle with a-factor or nocodazole, and induced with galactose (see materials and methods). Strains bearing temperature-sensitive alleles were assayed at 23°(PT) for steady-state determinations. ND, not determined.
at G 1 or G 2 /M, addition of galactose does not reduce H2A.Z binding; however, in cycling cells H2A.Z binding decreases ( Figure 6A ). We also observed this decrease in cells traversing only the G 2 /M to G 1 interval ( Figure 6A ).
Sir3-promoted silencing correlated with decreased H2A.Z association with the telomere, but these experiments couldn't determine a cause and effect relationship. H2A.Z loss could be a prerequisite for Sir3 association and transcriptional silencing; alternatively, the spreading of silencing that is specifically allowed in mitosis could actively displace H2A.Z. To distinguish these possibilities we used the cdc14-1 strain described above. If H2A.Z removal is a cause rather than an effect of silencing then its loss should be independent of the silencing status of the locus. We blocked cells in telophase and monitored the association of H2A.Z with the URA3 promoter. As shown in Figure 6B , we observe a decrease in H2A.Z association with the telomere in cells blocked in telophase, in the absence of Sir3 induction (i.e., when the locus is unsilenced). This decrease is not a function of shifting to a higher temperature and doesn't occur when these cells are blocked at other points in the cell cycle ( Figure 6B ). These results suggest there is an M-phasespecific loss of H2A.Z that is not dependent on the induction of Sir3 or on the establishment of silencing.
There are two basic possibilities for the fate of this H2A.Z-containing nucleosome in telophase. First, the nucleosome could remain in place, with H2A.Z-H2B dimers replaced with H2A-H2B dimers. Alternatively, displacement of H2A.Z could reflect a temporary loss of the entire nucleosome from chromatin. To distinguish between these possibilities we conducted chromatin immunoprecipitation experiments with an antibody to histone H3 using the same probes and conditions we used to track H2A.Z association ( Figure 6C ). We find that H3 association is unchanged in telophase-blocked cells. This suggests that the loss of H2A.Z we detect is not accompanied by a persistent loss of the nucleosome at this position.
We observed a cell-cycle-specific displacement of H2A.Z from a telomere-proximal URA3 gene. Is H2A.Z loss from chromatin a general feature of telophase-blocked cells? To examine this possibility we compared the association of H2A.Z in cycling and telophase-blocked cells at genes previously reported to bind H2A.Z at their promoters (Meneghini et al. 2003; Guillemette et al. 2005; Zhang et al. 2005) . For these experiments we selected a diverse group of genes varying in chromosomal position and expression levels. We find that most, but not all, of these loci also exhibit a decrease in H2A.Z binding in telophase ( Figure 6D ). Thus, telophasespecific loss of H2A.Z does not occur exclusively on our reporter gene and may be widespread.
Our experiments suggest that H2A.Z, Sas2, and Mcd1 act as inhibitors of silencing, and either their removal or inactivation bypasses the cell-cycle-progression requirement for the establishment of silencing. Independent studies have suggested that Sas2 and H2A.Z act in a Cultures were grown to early log phase in raffinose media and then divided; half the culture was blocked in G 1 with a-factor (A) or at the G 2 /M boundary with nocodazole (B). Following cell-cycle block, a portion of the culture was shifted to the nonpermissive temperature (37°) for 2 hr to inactivate Mcd1p. SIR3 overexpression was then induced by the addition of galactose and URA3 mRNA levels were examined. The URA3/ACT1 ratio is shown relative to the uninduced (no galactose) cycling control. Shifting the cells to a higher temperature does not affect the silencing of the wild-type strain; silencing is not observed in cells blocked in G 1 or G 2 /M at either temperature. When Mcd1p is inactivated at nonpermissive temperature in G 1 blocked cells, URA3 is silenced. direct manner to define the transition between heterochromatin and euchromatin (Kimura et al. 2002; Suka et al. 2002; Meneghini et al. 2003) . The localization of Mcd1 relative to silent chromatin has led to speculation that it may also help define these transitions (Blat and Kleckner 1999; Donze et al. 1999; Laloraya et al. 2000; Glynn et al. 2004; Chang et al. 2005) . To examine the possibility that Mcd1 is able to limit the spread of heterochromatin, we expressed a fusion protein linking Mcd1 to the Gal4 DNA binding domain in a strain bearing binding sites for Gal4 adjacent to a telomerelinked URA3 gene (Figure 7) . We find that this fusion protein can inhibit the silencing of URA3 in this strain, but not in a strain that lacks the Gal4 binding sites. The Mcd1-BD fusion does not activate transcription when tethered adjacent to a reporter gene located at an internal chromosome location (not shown), while a temperature-sensitive Mcd1 protein exhibits a temperaturedependent ability to inhibit heterochromatin spreading ( Figure S4 ). Thus, tethered Mcd1 appears to specifically inhibit the spread of heterochromatin.
DISCUSSION
Independent studies have demonstrated that the establishment of Sir protein-dependent silencing in yeast requires progression through the cell cycle (Miller and Nasmyth 1984; Fox et al. 1997; Kirchmaier and Rine 2001; Li et al. 2001; Lau et al. 2002; Martins-Taylor et al. 2004) . Using strains expressing a temperature-sensitive Sir3 protein, Miller and Nasmyth reported that silencing is principally established in S-phase (Miller and Nasmyth 1984) , a finding consistent with later studies that used an inducible tethered Sir1 protein to also examine the establishment of silencing at HMR (Fox et al. 1997; Kirchmaier and Rine 2001; Li et al. 2001) . A subsequent study using the conditional sir3-8 strain concluded that progression through both S-and M-phases was needed to establish silencing at HMR, but that silencing was largely accomplished in M-phase (Lau et al. 2002) . Finally, we have previously reported that progression through mitosis is both necessary and sufficient for the silencing of a telomere-linked URA3 gene (Martins-Taylor et al. 2004) . In this study we conducted experiments to identify ChIP assays were performed on strain YSH730, grown to steady state in raffinose. The relative enrichment of H2A.Z was determined using the primers depicted in Figure 1A and was normalized to the PRP8 coding region (Babiarz et al. 2006; Shia et al. 2006) . (B) Mcd1 association along chromosome VR. ChIP assays were performed on strain YSH730, which was grown to steady state in raffinose. The relative enrichment of Mcd1 was determined along chromosome VR using the primers depicted in Figure 1A and was normalized to the DCC1 coding region (Laloraya et al. 2000) . In control experiments conducted at the same time Mcd1 showed robust association with CEN16 and CEN3 sequences (27-fold and 32-fold enrichment, respectively), which were previously shown to bind Mcd1 (Megee et al. 1999) . (C) Changes in association of H2A.Z-HA and Mcd1. YSH730 was grown to steady state in raffinose media with or without galactose. The primers in Figure  1A were used to examine the relative fold change in the association of H2A.Z upon induction with galactose.
which event in the establishment of silencing at telomeres requires cell-cycle progression. Consistent with prior studies, we find that silent chromatin at our telomere-linked reporter gene is characterized by an increase in the association of Sir3, the deacetylation of histone H3 and H4, specifically H4K16, and a decrease in the methylation of histone H3K79. In cells blocked in the cell cycle, induced expression of Sir3 may lead to a modest increase in the association of Sir3 across the URA3 reporter gene, but does not lead to changes in histone modification or to changes in URA3 expression. Pior studies suggested that limited association of the Sir proteins occurred prior to the establishment of silencing at the HMR locus (Lau et al. 2002; Kirchmaier and Rine 2006) . In one of these studies decreases in histone acetylation were observed at the HMR silencer sequence, and to a lesser extent at the a1 gene, prior to the establishment of silencing (Kirchmaier and Rine 2006) , but the magnitude of these changes did not reach the level seen in silenced cells. Overall, these results indicate that cell-cycle progression regulates an early step in the establishment of silencing.
As shown in this study, at telomeres this regulation is manifested at a point in mitosis coincident with the anaphase-telophase transition; cells held at telophase (but not at metaphase) are able to establish silencing, in the absence of cell-cycle progression. This phase of the cell cycle features a significant reorganization of chromatin, including the loss of chromosome cohesion and decondensation of chromosomes. It is possible that these or concomitant events create a window of opportunity allowing the establishment and spreading of Sir proteins. To identify factors that restrict the establishment of silencing to mitosis, we screened a series of strains lacking candidate factors. We found that elimination of either H2A.Z or Sas2, or the inactivation of Mcd1, bypasses the cell-cycle-progression requirement Figure 6 .-M-phase-specific removal of H2A.Z allows establishment of silencing. (A) Decreased association H2A.Z correlates with silencing. The relative association of H2A.Z and with telomere VR was determined in induced vs. uninduced cultures in G 1 blocked cells, G 2 /M blocked cells, or in cells allowed to progress through the G 2 /M to G 1 interval using the primers depicted in Figure 1A . Control experiments indicated that dissociation of H2A.Z required the presence of the GAL-SIR3 gene, and was not simply due to the addition of galactose (Figure S2) . (B) Decrease in H2A.Z association at the telomeres in telophase. ChIP assays were performed to assess the association of H2A.Z-FLAG with the URA3 promoter (3.7-kb probe; see Figure 1A ) in cycling cells and in cultures blocked at the indicated points in the cell cycle. Cultures were grown to log phase, then divided in two, with one-half blocked in a specific stage of the cell-cycle while the other half was maintained as a cycling control. Once the cultures were arrested in the desired cell-cycle stage, ChIP assays were performed. For each cell-cycle block the value of H2A.Z enrichment at the URA3 promoter is normalized to the PRP8 coding region and is expressed as the ratio of H2A.Z association in blocked cultures to that in a cycling cells control conducted on the same strain at the same time. For the 37°control experiment the ratio is of a culture shifted to 37°to a parallel culture maintained at 23°. Strain YSH869 was used to conduct cycling, G 1 , G 2 /M, and cycling 37°experi-ments; strain YSH862 was used for the telophase arrest experiment. The difference between telophase-blocked cells and each of the other conditions tested is statistically significant (Student's t-test, P , 0.05). (C) Histone H3 association remains unchanged in telophase. ChIP assays were performed on strain YSH862 to determine the association of histone H3 at the URA3 promoter. Cells were grown to log phase, when half the culture was shifted to nonpermissive temperature at 37°. Once the cells were blocked in telophase, ChIP assays were performed. H3 enrichment at the URA3 promoter is normalized to the ACT1 coding region and is expressed as a ratio of H3 enrichment in telophase-blocked cells to that in the cycling cells. (D) Dissociation of H2A.Z from nontelomeric genes in telophase. ChIP DNA samples from the experiment described in B were used to analyze the association of H2A.Z at the indicated loci in cells blocked in telophase and in cycling cells. Enrichment of H2A.Z is expressed relative to the PRP8 coding region.
for the establishment of silencing. Our Mcd1 results extend a prior observation showing that elimination of MCD1 transcription alters the timing of silencing at the HMR locus, allowing silencing to occur following only S-phase progression (Lau et al. 2002) . The Mcd1 protein undergoes regulated removal from chromosomes at a time coincident with when we observe the establishment of silencing. Our observation that inactivation of Mcd1 in G 1 -blocked cells allows gene repression suggests that it may be the loss of Mcd1 binding or activity, and not loss of chromosome cohesion per se, that is the relevant event in allowing the establishment of silencing. While our results do not address whether the effect of Mcd1 on our reporter gene is direct or indirect, we show that tethering Mcd1 can block the spread of silent chromatin, a result that is consistent with prior studies suggesting a role for cohesins in the establishment of chromatin boundaries on the basis of its pattern of association with the HMR locus (Blat and Kleckner 1999; Donze et al. 1999; Laloraya et al. 2000; Glynn et al. 2004) . ChIP experiments indicated that Mcd1 protein was only weakly bound to individual sites near the URA3 reporter gene; it is possible that the collective binding of Mcd1 at this telomere is sufficient to exert the effects we observed.
Previous studies have shown that both Sas2 and H2A.Z help demarcate transitions between heterochromatin and euchromatin (Kimura et al. 2002; Suka et al. 2002; Meneghini et al. 2003) . Loss of H2A.Z leads to decreased expression of telomere-proximal genes, suggesting that it helps limit the spreading of silent chromatin from the telomere (Meneghini et al. 2003) . Sas2 is a histone acetyltransferase that opposes the action of the Sir2 deacetylase; relative levels of the Sir2 and Sas2 proteins help determine the transition point between heterochromatin and euchromatin at telomeres (Kimura et al. 2002; Suka et al. 2002) . In addition, Sas2-mediated acetylation of lysine 16 on histone H4 has been reported to be important for the deposition of H2A.Z at yeast telomeres (Babiarz et al. 2006; Shia et al. 2006) . Therefore, H2A.Z and Sas2 appear to function in a direct manner to limit the spread of silent chromatin from the telomere. In our inducible silencing system, H2A.Z has a causal role in regulating the timing of silencing: deletion of the HTZ1 gene abolishes the requirement for cell-cycle progression in establishing silent chromatin. Is H2A.Z acting in a direct or indirect manner? Our ChIP experiments are consistent with H2A.Z playing a direct role. First, H2A.Z is present at the promoter of the URA3 reporter gene. Second, fusion proteins were applied at 10-fold dilutions on the indicated media and allowed to grow for approximately 3 days at 30°. The SDC-TRP control plate selects for the plasmid and ensures equal platings between cultures. FOA-TRP media selects against URA3 expression; thus only silenced cells grow. Yku70 is a positive control promoting telomeric silencing. Strains bearing the Mcd1-BD plasmid exhibit decreased silencing compared to the vector control or to a control expressing only the DNA binding domain (GBD). The plasmid expressing the Gal4BD-Mcd1 fusion complements the lethality observed in strains bearing a temperature-sensitive allele of MCD1, grown at the nonpermissive temperature (not shown). (B) The experiment described in A was performed in a strain lacking Gal4 binding sites adjacent to URA3.
H2A.Z's association at the URA3 promoter is anticorrelated with the silencing status of the locus; H2A.Z association decreases under conditions in which URA3 is silenced. Finally, H2A.Z is displaced from the URA3 promoter in a silencing-independent manner at telophase, the single point in the cell cycle at which we know silencing can be established in our system.
There are at least two general models for how H2A.Z removal could directly affect the spreading of heterochromatin. H2A.Z-containing nucleosomes generally exhibit increased turnover; this frequent turnover has been proposed to limit heterochromatin spreading by disrupting the cycle of Sir2-mediated histone modification/ Sir3/Sir4 histone binding. Rapid erasure of Sir2-mediated histone deacetylation via nucleosome turnover could prevent Sir3/Sir4 binding and inhibit further incursions of the Sir complex into subtelomeric sequences (Dion et al. 2007) . Alternatively, the presence of H2A.Z may directly affect post-translational modifications of the nucleosome or Sir protein association with histones. In vitro the presence of H2A.Z in reconstituted nucleosomes has been shown to affect susceptibility of the nucleosome to histone modifying enzymes (Li et al. 2005) . In each of these models the presence of an H2A-containing nucleosome in the URA3 promoter is a preferred substrate for Sir-mediated heterochromatin spreading.
Our limited survey suggests that dissociation of H2A.Z may occur at many genes in telophase. The mechanism for this removal is unclear. H2A.Z deposition in yeast is accomplished by the Swr complex (Krogan et al. 2003; Kobor et al. 2004; Mizuguchi et al. 2004) ; this complex colocalizes with H2A.Z in yeast (Zhang et al. 2005) and could potentially also function in removing H2A.Z. H2A.Z is also removed from promoter sequences of many yeast genes upon induction of gene transcription; it is not clear if this occurs via a passive or active mechanism (Santisteban et al. 2000; Adam et al. 2001; Larochelle and Gaudreau 2003; Zhang et al. 2005) . Since H2A.Z nucleosomes may be intrinsically unstable compared to H2A-containing nucleosomes (Suto et al. 2000; Abbott 2001; Zhang et al. 2005; Dion et al. 2007 ) the dynamic changes in chromosome structure occurring at telophase may act to preferentially displace H2A.Z-containing nucleosomes. Our H3 ChIP results suggest that these nucleosomes are rapidly replaced by ones containing conventional H2A.
We found that three discrete genetic alterations relieved the cell-cycle requirement for establishing silencing. Do these factors function in independent pathways to impose the cell-cycle-progression requirement on the establishment of silencing, or are their functions interrelated? As described above, histone acetylation appears to affect the deposition of H2A.Z. In addition, prior studies have identified a role for H2A.Z in regulating chromosome stability Daniel et al. 2006; Keogh et al. 2006) . However, thus far no role for H2A.Z or Mcd1 in regulating each other's activity or chromosome association has been reported. We define the anaphasetelophase transition as the key point in the cell cycle allowing the establishment of silencing at yeast telomeres. Using a conditional SIR3 allele Lau et al. (2002) also reported that the establishment of silencing at HMR occurred primarily in M-phase. However, independent studies using an inducible, tethered Sir1 protein to establish silencing at HMR reported observing the onset of repression in S-phase (Miller and Nasmyth 1984; Fox et al. 1997; Kirchmaier and Rine 2001; Li et al. 2001; Lau et al. 2002; Martins-Taylor et al. 2004) . This suggests that the manner in which silencing is induced can influence the cell-cycle interval required for the establishment of silencing. In independent work we have also observed that dependence on cell-cycle progression for the establishment of silencing is locus dependent; in particular, we have found that that HML is far less subject to the cell-cycle progression requirement than is HMR (A. G. Lazarus and S. G. Holmes, unpublished results). We suggest that a common mechanism involving functionally interrelated factors acts to impose the cell-cycle progression requirement, but that sensitivity to both the system used to induce silencing and the specific locus examined can alter when in the cell cycle inhibition is lifted. In particular, our results from this study suggest that a cell-cycle-dependent relaxation of chromatin barriers can dictate the timing of the establishment of silencing; the causes and possible broader consequences of the cell-cycle-dependent displacement of H2A.Z remain to be determined. FIGURE S1.-Confirmation of cell-cycle blocks using FACS analysis. FACS analysis was carried out to confirm cell-cycle blocks described in the main text. Samples were withdrawn at the indicated time points throughout the experiment, and DNA content was measured by propidium iodide staining of DNA followed by flow cytometry as described in Materials and Methods. The y axis denotes cell count and the x axis represents DNA content. The histogram was created using FlowJo software (black lines). Next FlowJo was used to fit cell cycle data using the Dean-Jett-Fox mathematical model to define the G1, S and G2 phases (green lines) (FOX 1980) . In all cases cells were collected for FACS at the start of the experiment (log phase), after cell cycle blocks were achieved (G1, G2/M), and at the final time points reported in the main text figures following galactose addition. Controls samples were collected from unblocked and uninduced cells at the same time. A. Cells were collected as described in Figure 2A . B. Cells were collected as described in Figure 3A . C. Cells were collected as described in Figure 3B . D. Cells were collected as described in figure 3C . E. Cells were collected as described in figure 4A and 4B. F. Cells were collected as described in figure 6A . G and H. Cells were collected as described in figure 6B-D. FIGURE S2.-Changes in Sir3, H4K16-Ac and H2A.Z association with chromatin upon addition of galactose require the GAL-SIR3 gene. A. Sir3 ChIP assays were performed using strain YSH1021 in the absence and presence of galactose. The cells were grown to log phase in raffinose (non-inducing media) when galactose was added to half the culture. After 8 hours of galactose induction cells were collected and relative enrichment of Sir3 was determined using a primer pair that binds the 3.7kb region of the URA3 promoter (Figure1A) and was normalized to ACT1 coding region. The cumulative results of three independent experiments are shown. B. H4K16-Ac ChIP assays were performed as described in Figure S2A legend. C. H2A.Z ChIP assays were performed as described in Figure S2A legend, using the strain YSH1020. The relative enrichment of H2A.Z was normalized to the PRP8 coding region. FIGURE S3.-Cell-cycle dependent establishment of silencing. This figure presents URA3 transcription assays for the experiments shown in Figure 5C and 6A. A. Silencing of URA3 in YSH730. URA3 mRNA levels were measured in steady state galactose-induced and non-induced cultures. B. and C. Silencing at the telomeres does not occur in cells blocked in the cell cycle. An experiment identical to the one described in Figure 2A is shown for strain YSH730. D. Silencing at the telomeres occurs in cells that progress through
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